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ARTICLE INFO ABSTRACT

Keywords: The wettability of rock affects the interaction between COs, brine, and shale formation, which affects COy

Wettability sequestration with enhanced gas recovery (CS-EGR) project. However, under reservoir conditions, there is

S}‘:nltaa angle limited research on the surface wettability of shale organic matter, and its internal interaction mechanism is
ale

unclear. In this study, the effects of temperature, pressure, mineralization, and concentration ratio of CO3 to CHy
on the contact angle were studied using molecular dynamics (MD), and the results were compared with the
previous experimental data. Under a certain pressure, the water wettability increases with the increase in
temperature. At a fixed temperature, the contact angle of water on graphene increases with the increase of COy
pressure. Above the critical pressure, water at different temperatures is wetted by CO2 on the surface of gra-
phene, and the wettability reversal occurs. The water wettability decreases with the increase in solution salinity.
Under the same concentration of droplets, Mg?™ and Ca®" have a greater effect on the wetting angle than Na™.
The adsorption capacity of the graphene surface for CO; is stronger than that of CHy. Finally, the order of
wettability is verified by interaction energy. This study will contribute to alleviating the greenhouse effect.

Molecular dynamics
CO, sequestration with enhanced gas recovery

1. Introduction Feng et al., 2022; Tang et al., 2022). In addition, when COs is injected

into shale gas reservoir, CO5 molecules are adsorbed on pore surfaces to

Carbon capture and geological storage (CCGS) technology is a
technology that reduces carbon dioxide in the atmosphere by injecting
and storing it underground (Belhaj et al., 2013; Fan et al., 2019; Zhou
et al., 2020). The development and implementation of CCGS technology
have attracted attention because of the excessive emission of carbon
dioxide, which is the main cause of global warming (Ajayi et al., 2019;
Liu et al., 2021; Muhammad et al., 2021). Experts around the world
began to realize CCGS technology from all aspects. In this study, the
widely distributed shale gas in the world has attracted in-depth research
from experts around the globe (Xu et al., 2022; Ge et al., 2022; Yuan
et al., 2015). Shale gas is now a potential substitute for traditional fossil
resources because of its rich resources and environmental friendliness
(Yuan et al., 2015; Paylor, 2017; Hu et al., 2018; Huang et al., 2019;

replace adsorbed CH4, which reduces the CO, emission in the atmo-
sphere and improves natural gas recovery (Tayari et al., 2015; Bir-
kholzer et al., 2015; Famoori et al., 2021). Therefore, CS-EGR is
proposed as an effective means to achieve CCGS and has received
attention globally (Louk et al., 2017; Singh et al., 2018; Xu et al., 2020;
Muhammad et al., 2022).

The wettability of the reservoir affects the distribution and flow
trend of fluid in rock pores, as well as the interaction between COo,
brine, and shale formation, which contributes to the CS-EGR project
implementation (Morrow, 1990; Yoshimitsu et al., 2002; Adedapo et al.,
2016; Pan et al., 2020a,b). In recent years, many scholars have studied
the wettability of shale (Al-Yaseri et al., 2022; Sharifigaliuk et al., 2022;
Ma et al., 2022; Qin et al., 2022). Predecessors have used various
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experimental means to study the wettability of rock-brine-CO5; however
the experimental results are different. For example, Valluri et al. (2016)
used the capture-bubble method to measure the contact angle of
rock-brine-crude oil, while Rego et al. (2022) evaluated the possibility of
improving recovery by changing the composition of fracturing fluid to
change the wettability to a wetter state. Although the main trend of
wetting angle change obtained from their experimental results is the
same; some of the contact angles measured by them differ by 10°. Chi-
quet et al. (2007) obtained from the captivity-drop technique that the
brine contact angle increases with the increase in pressure. However,
Stevar et al. (2019) found that when the pressure is lower than 10 MPa,
the brine contact angle increases and then decreases. Yassin et al. (2017)
measured the contact angle of shale samples from sedimentary basins in
western Canada and found that the difference between the six different
results measured by each sample was 5°-11°. The macroscopic contact
angle measurement in the experiment has certain limitations and un-
certainties, and the experimental cost is high. Therefore, it is necessary
to study the wettability of CO,/CHjy-brine-shale from the microscopic
viewpoint (Salehi et al., 2008; Xue et al., 2015). It mainly includes the
influencing factors of wettability and how these influencing factors
affect the change of wettability. The influencing factors mainly include
temperature, CO, pressure, mineralization, and the concentration ratio
of CO5 and CHg.

Molecular dynamics (MD) is a method used in computer simulation
at the atomic or molecular level of matter. It has been developing for a
long time, and its application range is becoming wider (Hu et al., 2016;
Pham et al., 2021). Recently, MD simulation has been developed to
study the inherent contact angle of nanosolid surfaces. Yu et al. (2020)
used MD to simulate the change in rock-brine-CO3 contact angle under
different temperatures and CO» pressure and compared the result with
the experimental data; the same results were obtained, which confirmed
the reliability of the molecular simulation. Although the molecular dy-
namics method is used to study it, the method of measuring the wetting
angle is macro, which is not verified by the micro mechanism (interac-
tion energy). Tetteh et al. (2021) simulated the effect of a cationic sur-
factant on the wettability of calcite using MD, revealed the molecular
mechanism of wettability reversal, and provided a basis for designing
effective chemical formula to enhance oil recovery. Zhou et al. (2021)
used MD simulation to study the interface phenomenon in the
CO9-Hy0-kerogen system and evaluate the contact angle. The contact
angle in the CO2-H30-kerogen increases with increasing CO2 pressure
until it reaches 180°. Jagadisan and Heidari (2021) studied the wetta-
bility of kerogen molecules at different thermal maturity and tempera-
tures using the MD simulation. The simulation results show that the
maximum contact angle formed by type III kerogen on the surface of
kerogen is 45.5°. Type II kerogen is the lowest, 20°.

The above results show that the systematic study of shale wettability,
considering temperature, CO, pressure, salinity, and ion concentration,
especially its internal interaction mechanism is unclear. Therefore, this
study determines the wettability of CO,/CH4-brine shale at the nano-
scale using MD simulation combined with the influencing factors of the
wettability of the shale pore surface. First, the effects of temperature and
CO, pressure on the wettability of organic pores in shale are studied.
Subsequently, the effects of mineralization on the water contact angle
were studied. And, by injecting CHy4 into CO, the effects of different
concentration ratios of CO5 and CH4 on the water contact angle were
studied. Finally, the order of wettability is verified by interaction en-
ergy. The research methods and results in this paper reduce the uncer-
tainty of the experiment and are important to CS-EGR. Our
experimental results not only use the wetting angle obtained during
simulation to compare the wettability, but also use the interaction en-
ergy to verify the wettability, which is more accurate than the wetting
angle obtained by experiments alone. This is because there will be some
human operation errors and other factors in the process of the experi-
ment, which will make the experimental results have certain deviations.
The research results of this manuscript are more accurate than the
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experimental results and are important to CS-EGR.
2. Models and methods
2.1. Simulation principle

Alder and Wainwright, 1957 first proposed the MD, which is a
method to understand the dynamic evolution of the system by analyzing
the physical motion of atoms and molecules. The method is currently
used after continuous exploration and improvement by later genera-
tions. The selection of potential function in MD simulation parameters is
important. The potential function between atoms has developed from
pair to multibody potential (Chakraborty et al., 2015; Salehi et al.,
2008). In this simulation, the compass force field, which has been used
in many molecular simulations involving mineral surfaces, was selected
to study the interaction between atoms, (Chang et al., 2018; Heydari
et al., 2021).

The function form of the compass force field is as follows (Sun, 1998;
Savin and Mazo, 2020):

Eroral = Evatence + Enonbona (@)

where Eiog is the total energy (kcal/mol), Eyglence is the bond energy
(kcal/mol), and Eponbond is the nonbond energy (kcal/mol).

Evalence = Ebond + Eungle + Emrsion +E Inversion + Ez'm.vszerm (2)

where Epopg is the bond-stretching energy (kcal/mol), Eangle is the bond
angle bending energy (kcal/mol), Etorsion is the dihedral torsional energy
(kcal/mol), Epyersion is the offplane interaction phase (kcal/mol), and
Ecrossterm 1S the covalent-interaction term (kcal/mol).

The Lennard Jones potential can display the even-potential term
(Jones, 1924; Sohrab et al., 2018). Therefore, nonbond energy can be
written as (Al-Raeei and E-Daher, 2019; Lin et al., 2021):

Emmband = El_'/' + Ecaulomb (3)
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where Ej; is the van der Waals energy (kcal/mol), Ecoulomb is the elec-
trostatic interaction energy (kcal/mol), rj is the distance between par-
ticles i and j (/1’\), g; is the potential well depth (kcal/mol), r‘i} is the
distance between the pairs of particles with a potential of 0 (A), & is the
dielectric constant (kcal/mol), and g; and g; are the charges of the par-
ticles in system (C).

2.2. Simulation process

The wettability of CO,/CHy-brine-shale was simulated using MD.
The first step is to establish the wettability model of “CO5-brine-shale”.
First create a box filled with CO, (80 A x70A x 783 10\) (Fig. 1a), a
hemispherical box containing 300 water molecules (Fig. 1b), and a
graphene structure with a horizontal surface (80 Ax70A x 6.7 [o\)
(Fig. 1c). Graphene has wide application prospects in many fields due to
its excellent characteristics such as high mechanical strength (Xin et al.,
2015), high conductivity (El-Kady et al., 2016), high heat transfer rate
(Goyal and Balandin, 2012; Li et al., 2017). Graphene itself is a
two-dimensional honeycomb carbon nanomaterial, which can exhibit
high chemical stability (Chi et al., 2020). When used as a thin film
material, it has always occupied an important position in the field of
two-dimensional materials. At present, the research and application
fields of graphene mainly focus on adjusting substrate wettability (Lu
et al., 2021), seawater desalination (Hegab and Zou, 2015), and
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Fig. 1. Establishment process of wettability model (a. CO,; b. Water; c. Graphene; d. Initial wettability model).

oil-water separation (Price et al., 2019). Lin et al. (2017) studied the
adsorption heat, adsorption capacity and the change of adsorption ca-
pacity with temperature between shale organic matter surface and
graphene surface by combining experiment and simulation, and found
that graphene can be used as a good model to simulate shale organic
matter surface. And, a graphene model has been successfully used to
represent an organic pore surface in shale by many scholars (Bhatia
et al., 2004; Tenney, 2009; Yuan et al., 2015; Lin et al., 2017). Therefore,
in the simulation process, graphene surface can be used to replace the
organic pore surface of shale. Then, fix the surface of graphene, relax the
CO5 and water, and optimize the structure of the CO5 box, water box,
and graphene, respectively. Optimization here refers to geometry opti-
mization, which is usually to find the minimum point on the potential
energy surface. The geometry corresponding to the minimum point is
the possible equilibrium geometry of the molecule. Geometry optimi-
zation can make the molecules of the whole system reach equilibrium
and stable state (Li and Chen, 2011). Finally, the optimized CO, box,
water box, and graphene are combined into one using Materials Studio
software to obtain the wettability model (Fig. 1d), and the combined
wettability model is optimized. The above molecules are from the
structural database of Materials Studio software. Due to the periodic
influence of the simulation process, some CO, molecules will move to
the top of the model, which is a normal phenomenon.

In the simulation process, the Andersen thermostat method is used to
control the temperature (Andersen, 1980). The Ewald method with high
accuracy is used to calculate electrostatic interactions (Zhong et al.,
2013). The steepest descent methods optimized the structure of the
initial model (Chang et al., 2018). The van der Waals interaction is
calculated using the atom-based method (Xia et al., 2016). The main
parameters in the simulation process are shown in Table 1. To ensure the
accuracy of the simulation, the fixed-time step of all simulations is 1 fs
(Zhu et al., 2015).

2.3. Wetting angle measurement

With the continuous development of molecular dynamics in wetta-
bility measurement, many methods have emerged to measure the wet-
ting angle (Bhattacharjee and Khan, 2019; Le and Walsh, 2021; Dong
et al., 2021). In this study, the most commonly used geometric method
was used to calculate the contact (Feng and Tahir, 1995; Li and Wang,
2017). In order to make the experimental results more accurate, the

Table 1
Main input parameters of different modules in the simulation process.
Simulation Modules Parameter Input Unit
Amorphous Cell- Density of CO, box 0.6 g/
Packing cm®
Density of H,O box 1.0 g/
cm®
Loading steps 1000 /
Geometry Maximum number of 500 /
Optimization iterations
Algorithm Steepest /
descent
Dynamics Time step 1 fs
Density of the whole system  0.729 g/
em®
Ensemble NVT /
Total simulation time 1000 ps
Cut-off distance 12.5 A
Number of steps 1,000,000 /
Thermostat Andersen /
Initial velocities Random /

measurement result is the average value of the wetting angle obtained at
the last time of three simulations (1000ps). The principle is as follows:
when the mineral interface is hydrophilic or hydrophobic, the contact
angle between the corresponding droplet and interface is an acute
(Fig. 2a) or obtuse (Fig. 2b) angle, respectively, which meets the
following formula:

cos =1 —1% 6)
(R—h)}+r=R @)

where h represents the height from the center point of the liquid circle to
the surface of solid minerals, and R represents the radius of the ball
corresponding to the droplet.

3. Results

3.1. Effect of temperature on water contact angle

We simulated the variation characteristics of wettability at 298 K,
313 K, 323 K, and 343 K under a certain pressure using the MD and
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Fig. 2. Schematic of contact angle calculation (a.

calculated the wetting angle at each pressure and temperature using the
geometric method (Fig. 3). We have compared the simulated data with
the experimental data in organic-rich shale because there is no data on
the water contact angle of the graphene surface in carbon dioxide. The
reasons for this feasibility and some differences will be introduced in the
section of 4.5.

Under certain pressure, the contact angle decreases with the increase
in temperature, indicating that the water wettability increases with the
increase in temperature (Fig. 3). This is consistent with the conclusion of
Li and Xiao, 2012 using quantum mechanical simulation to study the
wetting of nanodroplets on the graphene. When the CO» pressure is 20
MPa and the temperature is 298 K and 313 K because there is no dis-
tribution of water on the graphene, the contact angle is 180°, indicating
complete CO, wetting. When the CO pressure is 5 MPa and the tem-
perature is higher than the supercritical temperature, water is neutrally

(a)

(b)

313K
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-40 20 0
r(A)

Acute angle; b. Obtuse angle; c. Stereogram).

wetted on the graphene surface, and when it is lower than 298 K, water
is CO4 wetted on the graphene surface (Fig. 4). When the CO pressure is
10 and 20 MPa, water is wetted by CO; on the surface of graphene. This
is consistent with the conclusion reached by Yu et al. (2020) using the
MD. Finally, the water contact angle results calculated using the MD
simulation are compared with the experimental results of others (Pan
et al., 2018) (Fig. 4). We found that the difference between our simu-
lation results and previous experimental results was very small, which
verified the accuracy of our simulation results.

In this study, the relationship between different wetting degrees,
corresponding to different contact angles, adopts the classification
proposed by Fanchi (2005), which is that 0°-75° is water wetting,
75°-105° is neutral wetting, and 105°-180° is CO, wetting. Thomas
Andrews measured two critical parameters of carbon dioxide in 1869:
the supercritical pressure was 7.2 MPa and the supercritical temperature

5MPa

-

323K

343K

Fig. 3. Variation of contact angle on graphene at different temperatures and pressures.
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Fig. 4. Comparison of contact angle changes on graphene obtained using
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was 304.065 K. Their recognized values in 2013 were 7.375 MPa and
303.05 K, respectively (Lou and Chen, 2013; Yu, 2014).

3.2. Effect of CO, pressure on water contact angles

At a fixed temperature, with the increase in CO, pressure, the contact
angle of water on the surface of graphene increases, indicating that its
water wettability decreases (Fig. 3). When the critical pressure is lower
than 7.375 MPa, the water is neutral wetted on the surface of graphene
at 298 K, 313 K, 323 K, and 343 K (Fig. 5). When the critical pressure is
higher than 7.375 MPa, water at different temperatures is wetted by CO»
on the surface of graphene, and the wettability reversal occurs. This
shows that supercritical conditions determine wettability. This conclu-
sion has the same trend as the conclusion reached by Pan et al., 2019
through experiment.

3.3. Effects of mineralization on water contact angle
The effects of mineralization on the water contact angle of graphene

were studied by studying NaCl, CaCly, and MgCl, solutions using con-
centrations of 1%, 3%, and 5%. The setting temperature of this
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Fig. 5. Comparison of contact angle changes on graphene obtained using
experiment and simulation under different pressures.
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simulation is 323 K, and the pressure is 5 MPa. Fig. 6 shows that for NaCl
solutions with concentrations of 1%, 3%, and 5%, the contact angles are
102° + 2°,108° + 2°, and 113° + 2°, respectively. With the increase in
solution salinity, the contact angle increases, and the water wettability
decreases. In addition, with the increase in salinity, the water contact
angle of CaCly and MgCl; solutions on the surface of graphene increases,
and the water wettability decreases (Fig. 7). Simultaneously, with the
increase in solution salinity, the density of water molecules on the sur-
face of graphene decreases, and the water wettability decreases (Fig. 8).
This is the same as the results obtained by Yu et al. (2021) through MD
simulation.

The ion concentration affects the water contact angle of the graphene
surface (Fig. 7). From the slope of each curve in Fig. 7, with the increase
of ion concentration in solutions containing different ion types, the order
of change of amplitude of contact angle is MgCl, > CaCly > NacCl,
indicating that divalent cations (Mg>" and Ca") affect the wetting angle
than monovalent cations (Na™) under the same concentration of drop-
lets. In addition, Fig. 8 shows that ions gather inside the droplet and are
not directly adsorbed on the surface of graphene. Mg?" are closer to the
surface than Nat and Ca?", indicating that the adsorption capacity of
Mgt on graphene is stronger than Na™ and Ca®*, which is consistent
with the previous conclusions obtained using Zeta potential experiment
(Kasha et al., 2015; Jackson et al., 2016).

3.4. Effect of concentration ratio of CO2 and CH4 on water contact angles

In the shale reservoir containing CO, and CH, gas, the wettability of
rocks is important for CS-EGR (Li et al., 2018; Dong et al., 2022). The
effects of different concentration ratios on water contact angles were
studied by changing the concentration ratio of CO, and CHy. The setting
temperature of this simulation is 323 K, and the pressure is 5 MPa.

Figs. 9 and 10 show that the water contact angle decreases with the
decrease in CO, content in the system. The water wettability increases
with the increase in CH,4 content, and they are all neutral wettability.
This is the same as the conclusion by Pan et al. (2018) that the contact
angle of water in the CHy-shale system is lower than that of CO,-shale.
We found that CO, and CH4 molecules are distributed on the solid sur-
face of graphene and show a multilayer adsorption state (Fig. 11). The
relative concentration of CO, adsorbed on the first layer of graphene
surface is large, which is about 2.4 times that of CH4 adsorbed on the
first layer of graphene surface, indicating that the graphene surface has a
strong adsorption capacity for COs. This is consistent with the previous
conclusion that because of the smaller molecular diameter and higher
adsorption energy of CO,, the adsorption ratio of CO5 to CHy4 is about 2:1
(Gentzis, 2000; Guan et al., 2018). With the decrease in CO5 ratio, the
relative concentration of CO2 on the surface of graphene decreases
(Fig. 11a). In addition, with the decrease in the CHy ratio, the relative
concentration of CHy4 on the surface of graphene decreases (Fig. 11b).

4. Discussion
4.1. Stability

The internal energy of the system is composed of kinetic energy and
potential energy. Among them, kinetic energy is generally used to
characterize the equilibrium state of the system (Zhong et al., 2013;
Chang et al., 2018). The evolution of kinetic energy in the wettability
models at different temperatures is shown in Fig. 12. After 8 ps, the
kinetic energy maintains a stable state (Fig. 12), indicating that the
simulation time is long enough to keep the studied system stable.

4.2. Mean square displacement (MSD) and self-diffusion coefficient (D)
The movement characteristics of water molecules on the mineral

surface are analyzed by calculating the MSD and D (Wang et al., 2015;
Tirjoo et al., 2019; Amirhossein et al., 2021).
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where N is the number of diffusion molecules, r(t) and r(0) are the po-
sition vectors of molecules at t and t = 0, respectively, Kysp is the slope
of the MSD curve.

With the increase in simulation time, the value of MSD increases;
however, its slope decreases, and there are two slopes in general
(Fig. 13). This is because some water molecules at the early stage of
simulation are adsorbed to the surface of graphene, and the adsorption
capacity of graphene for water is large; thus, the self-diffusion coeffi-
cient is high. In the later stage, only a small part of water molecules
suspended in CO; continues to diffuse, and the natural self-diffusion
coefficient is small. According to formula (9), the D of water mole-
cules is 343 K > 323 K > 313 K > 298 K. The fluidity of water molecules
has a certain relationship with the temperature change. The higher the
temperature, the greater the self-diffusion coefficient, which is the same
result drawn by Zhao and Jin (2020) through MD simulation. The higher
the temperature, the faster and stronger the adsorption of water on the
graphene, resulting in increased self-diffusion and better separation of
oil from the graphene surface (Amirhossein et al., 2021).

3% Nacl
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5% Nacl

Fig. 6. Change of water contact angle at different concentrations of NaCl solution on a graphene surface.

4.3. Interaction energy

To understand the wetting mechanism from the microscopic view-
point, we take the last moment of MD simulation (1000 ps) and calcu-
lated the interaction energy between COy/water and graphene at
different temperatures and different pressures (Fig. 14). The interaction
energy (Ec.s) between CO2 molecule and graphene can be defined as
(Chang et al., 2018; Ma et al., 2019):

Ecs=Ecis—Ec —Es (10)

where E¢ g is the total energy of the CO, molecule and graphene, kcal/
mol; E¢ is the energy of the CO2 molecule, kcal/mol; Eg is the energy of
graphene, kcal/mol.

Similarly, the interaction energy (Ew.s) between water molecules
and graphene can be defined as the following:

Ew_s=Ewys — Ew — Es an

where Ey ; g is the total energy of water molecules and graphene, kcal/
mol; Ey is the energy of water molecules, kcal/mol.
The interaction energy between E¢.s and Ey.s (AE):

AE=Ec_s—Eys (12)

Studies show that when AE is negative, the rock surface is wetted by
CO5 (Chang et al., 2018; Zhong et al., 2013). Therefore, the water
molecules on graphene are easily replaced by CO, molecules. Fig. 14
shows the difference in interaction energy between the CO, molecules
and water and graphene surfaces at different temperatures and different
pressures (AE). The AE is negative, indicating that the interaction energy
between the CO, molecule and graphene is greater than that between
the water molecule and graphene, and the graphene surface is wetted by
COo. In addition, with the increase in temperature, the interaction en-
ergy between Ecg and Ey.s is (AE) is smaller, indicating that its CO5
wettability is weaker, and water wettability is stronger, which is the
same result drawn in the section of 3.1 (Fig. 14a). With the increase in
pressure, the interaction energy between Ec.s and Ey.g is (AE) is bigger,
indicating that its CO, wettability is stronger, and water wettability is
weaker, which is the same result drawn in the section of 3.2 (Fig. 14b).
We can observe that the value of AE does not change greatly (Fig. 14),
because the change of contact angle corresponding to different AE is also
small. At the temperature of 298-343 K, the wetting angle changes by
12°. The above discussion shows the difference between E¢.s and Ey.g
(AE). The different wettability of the graphene surface can be explained.

4.4. Effect of clay minerals in shale on wettability

Shale is a mixture of various inorganic minerals and organic matter
(Loucks et al., 2012), and its structure and heterogeneity will affect its
wettability. The surface of organic matter is generally considered hy-
drophobic, while inorganic minerals (especially clay minerals) tend to



K. Shi et al.

Journal of Natural Gas Science and Engineering 107 (2022) 104798

0.20
(a)
0.16 1
0.12 4
0.08
0.04 A
ram
£
b 5 0.00 -

( ) B —Wate
= ) Water
> 0164 "—Nu
=
‘7 1
Z o1
S on
=]

2 o0s
=

o

= 0.04 1
=

£

o 0.00
2

(C) = —a—Water

= 016 e
a

0.12

0.08

0.04

0.00 -
0

40

Distance (A)

w
=

10 20

Distance (A)

0.0028
—o—Water i —e—Water [ 00004
&—Ca® Mg’
or ol 0.0020
0.0016
0.0012
‘ 00008
Pt 8
' L] [ 0.0004
’—vA-‘ - 00000
wt—Water ——Water [ 0.007 g
=—Ca® Mg | (006 =
a cr o
0.005 =
w
L 0.004 s
<
F 0003 —~
a3
L 0.002 o
I 0.001 3‘.
-~
0,000
——Water ——Water | 912
—a—Cy Mg’
10
. \ B 0.010
0.00%
0.006
1 0.004
Y,
i ] 0.002
= ; ESire 0.000
30 40 50 0 10 20 30 40 50 60

Distance (A)
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Fig. 9. Changes of water contact angle under different CO, and CHy4 concentration ratios.

be hydrophilic (Jin and Firoozabadi, 2014). Shale with different min-
erals has different affinity for water, ranging from hydrophilicity to
hydrophobicity, that is, they show mixed wettability (Alhammadi et al.,
2017), which makes it more challenging to describe their wetting
behavior. For example, the wettability of shale with relatively high clay
content is not constant and will change continuously during the
hydration/permeability process related to clay.

Siddiqui et al. (2018) found that the contact angle of oil and water
increased with the increase of clay content. However, when using high
salinity solutions, the contact angle decreases with the increase of clay
content (Sayyouh et al., 1990). Li et al. (2021) showed by experimental
means that clay minerals (type and content) may be the most important
factor affecting the wettability of shale. Specifically, the contents of illite
and illite/smectite mixed layer are positively and negatively correlated
with calcium, respectively, indicating that illite tends to be hydropho-
bic, while illite/smectite mixed layer is more hydrophilic. However,
Fauziah et al. (2018) showed that hydrophilic shale is rich in illite. Li
etal. (2021) believed that the weak affinity of illite for water may be due
to the asphaltene on its surface. In addition, with the increase of

kaolinite and chlorite content, the contact angle first decreased, and
then increased rapidly. This may be attributed to the hydrophobicity of
asphalt containing kaolinite and chlorite.

4.5. Effect on CS-EGR

From the above discussion, we know that when the pressure in-
creases above the critical pressure value (7.375 MPa) or the temperature
decreases, the CO2 in the system becomes wetter, indicating that the
interaction between CO, and shale is stronger (Chiquet et al., 2007).
Huang et al. (2018) found that the adsorption capacity of organic matter
on the surface of shale was the largest when the gas pressure increased to
the critical pressure (7.375 MPa). With the continuous increase in
pressure, the adsorption capacity tends to be stable. Subsequent exper-
iments proved that this phenomenon is caused by the affinity between
CO5 and organic matter in shale. This affinity contributes to CO, storage
and improves the adsorption capacity of CO,. At the early stages, higher
pressures should be used. When the pressure rises to 7.375 MPa, the
output of CH4 tends to be stable and the storage capacity of CO4 reaches
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the maximum. Moreover, the capture safety and storage capacity should
be considered when determining the pressure.

The contact angle of water in the CHy-shale system is lower than that
of the COq-shale. This shows that the adsorption capacity of CO, for
organic matter is higher than that of CH,. This is because, at low pres-
sure, the adsorption sites with strong energy are occupied by the COy
molecules. With the increase in pressure, once the higher energy parts
are filled, carbon dioxide and methane begin to occupy the low-energy
areas (Huang et al., 2018).

Therefore, on the surface of graphene, the adsorption capacity of COy
is larger; the area is wider, and the emission of CHy is increased. In
addition, we can improve the CS-EGR purpose by improving CO; in-
jection time, volume, and injection because the adsorption of organic
matter on the surface is affected by temperature, pressure, TOC, etc
(Guan et al., 2018; Arif et al., 2016).

4.6. Limitations of MD simulation

It is mentioned in 3.1 that the effect of temperature on the contact
angle change trend is consistent; however, there is a difference between
the molecular-dynamic simulation and experimental results. The contact
angle we simulated is larger than that obtained from the experiment.
This is because, in this study, we used graphene to replace the surface of
organic matter. The TOC content of graphene is 100%; whereas, the TOC
content of the shale sample in the experiment is lower. High TOC con-
tent in shale will increase the water contact angle (Hu, 2014; Hu et al.,
2016). Moreover, the surface roughness of graphene will cause mea-
surement error of water contact angle, and even lead to the transition
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from hydrophilicity to hydrophobicity. For example, Lan et al. (2015)
tested the contact angle value of water and oil with fresh core plugs, and
found that the oil completely diffused to the surface, which was quite
different from the result of the water-air contact angle value (37° - 73°)
measured in the experiment. Therefore, if the actual mineral surface
roughness is considered, different results should be obtained. Generally,
if the mineral composition is uniform, the contact angle value increases
with the decrease of roughness. However, the graphene surface in MD
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simulation does not consider the effect of surface roughness.

Therefore, these influencing factors are important in the study of
reservoir wettability. In our future research, we will establish a real
organic matter surface, which will have a realistic TOC content and a
certain roughness, close to the shale rich in organic matter.

5. Conclusions

In this study, we used MD simulation to study the wettability of CO/
CHy4-graphene-water/Brine under reservoir conditions. It mainly in-
cludes the influencing factors of wettability and how these influencing
factors affect the change of wettability. The effects of temperature,
pressure, mineralization, and concentration ratio of CO, and CH4 on
water contact angle are considered, the order of wettability was verified
by interaction energy, and the significance of CS-EGR is clarified. The
main conclusions are as follows:

(1) Under certain pressures, the water wettability increases with the
increase in temperature. When the CO, pressure is 5 MPa and the
temperature is higher than the supercritical temperature, water is
neutrally wetted on the surface of graphene. Below 298 K, water
is wetted by CO9 on the surface of graphene.

(2) The contact angle of graphene decreases with the increase in
water pressure. Below the critical pressure of 7.375 MPa, water at
different temperatures is neutrally wetted on the surface of gra-
phene. When the critical pressure is higher than 7.375 MPa,
water at different temperatures is wetted by CO2 on the surface of
graphene, and the wettability reversal occurs.

(3) With the increase in solution salinity, the contact angle increases,
and the water wettability decreases. The ion concentration affects
the water contact angle. At the same concentration of droplets,
divalent cations (Mg>" and Ca®") affect the wetting angle more
than monovalent cations (Na™). The adsorption capacity of Mg+
on the graphene surface is stronger than that of Na* and Ca®".

(4) The water contact angle decreases with the decrease in CO,
content in the system. The water wettability increases with the
increase in CHy4 content, and they are all neutral wettability. The
adsorption capacity of the graphene surface for CO5 is stronger
than that of CH4. Therefore, CO5 injection can improve the
displacement efficiency of CH4 and improve natural gas recovery.

(5) The adsorption of organic matter on the surface is affected by
temperature, pressure, TOC, etc. CO5 injection timing, injection
volume, and injection temperature can be optimized to improve
gas displacement efficiency. When determining the pressure, the
capture safety and storage capacity should be considered.
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